INTRODUCTION
As appreciation of the biological importance of RNA continues to grow, the way in which the structural properties of different RNA molecules determine their functional capabilities is becoming increasingly clear. The complex architecture of folded RNA is shaped by specific tertiary interactions that involve edge-to-edge base-pairing as well as face-to-face stacking interactions. These tertiary interactions are generally mediated by ''RNA motifs,'' ordered arrays of non-Watson-Crick base pairs that shape distinctive foldings in the phosphodiester backbone of the interacting strands, and are easiest to identify when the phylogenetically conserved nucleotides are located in hairpin loops or internal loops flanked by Watson-Crick helices. Nearly a dozen different RNA structural motifs are now known, and the list continues to grow (Leontis and Westhof 2003; Hendrix et al. 2005) .
The first RNA motif to be described was the so-called loop E motif located in a 14-nucleotide (nt) internal loop that connects two helical regions in Escherichia coli 5 S rRNA (Fox and Woese 1973) . X-ray crystallography (Correll et al. 1997 ) and NMR analysis (Dallas and Moore 1997) subsequently revealed that loop E is actually a helical structure containing seven consecutive non-Watson-Crick base pairs. Loop E motifs in ribosomal RNAs often act as recognition sites for RNA-protein interaction and play a crucial role in organizing multihelix junctions (Allison et al. 1991; Leontis and Westhof 1998b) . A similar role in RNA-RNA interaction has been documented for the loop E motif of the hairpin ribozyme (Butcher and Burke 1994) . Several loop E motifs share an exceptional susceptibility to interstrand UV cross-linking involving a specific guanosine and uridine residue (Branch et al. 1985) .
Loop E motifs have been identified in both hairpin loops (e.g., the a-sarcin-ricin loop in 23S rRNA; Endo et al. 1993) and internal loops like those of bacterial 5S rRNA (Leontis and Westhof 1998a) and Potato spindle tuber viroid (PSTVd) (Branch et al. 1985) . In bacterial 5S rRNA, the internal loop containing the loop E motif is symmetrical, and the bulged nucleotide characteristic of loop E motifs from eukaryotes and one group of the archaea is missing. The minimal ribozyme-substrate complex derived from the hairpin ribozyme found in the negative strand of the Tobacco ringspot virus satellite RNA is composed of two domains, A and B. The larger B domain contains an asymmetric internal loop that includes many conserved nucleotides and a loop E motif. High-resolution NMR solution (Butcher et al. 1999 ) and X-ray crystal (Rupert and Ferré-D'Amaré 2001) structures of domain B have been published, and conformational changes in the loop E motif coincidental with domain docking have been shown to be essential for catalysis (Hampel and Burke 2001) .
Viroids are the smallest known agents of infectious disease-small (246-401 nt), highly structured, singlestranded, circular RNAs that lack both a protein capsid and detectable mRNA activity (Flores et al. 2005a ). The 29 different species of viroids are assigned to one of two taxonomic families based upon differences in the structural and functional properties of their genomes (Flores et al. 2005b ). More than 20 years ago, Branch et al. (1985) showed that PSTVd contains a UV-sensitive loop E motif in the central portion of its rod-like native secondary structure. Viroids replicate via a rolling-circle mechanism (Branch and Robertson 1984) , and studies of the ''processing'' of longer-than-unit-length PSTVd RNAs in nuclear extracts have shown that the switch from cleavage to ligation is driven by a change of the central domain from a tetraloop to a loop E conformation (Baumstark and Riesner 1995; Baumstark et al. 1997; Schrader et al. 2003) .
In addition to replication, the loop E motif also modulates other aspects of PSTVd interaction with its plant hosts. For example, replacement of the bulged C residue at position 259 with a U results in a dramatic increase in the rate of accumulation in tobacco (Wassenegger et al. 1996; Qi and Ding 2002) ; similarly, a U/A substitution at position 257 affecting a non-Watson-Crick AU pair leads to the appearance of an unusual ''flat top'' symptom in tomato (Qi and Ding 2003) . Although the molecular mechanism(s) responsible for these effects remains to be determined, Zhong et al. (2006) have recently published a detailed model of the tertiary structure of the PSTVd loop E motif, and this model is being used to guide additional mutational analysis.
The family Pospiviroidae contains a total of five genera (Flores et al. 2005a) . Like PSTVd and related pospiviroids, members of the other four genera also contain a conserved central region in which a loop E-like motif is flanked by a pair of inverted repeats. Citrus viroid III (CVd-III) is a member of the genus Apscaviroids, and when mutagenesis of its loop E-like motif failed to yield an assortment of variants similar to those obtained from PSTVd (Owens et al. 2006) , we decided to examine the structural properties of its loop E motif in greater detail. As described below, our results indicate that sequence changes within loop E have led to differences in the stability of this important structural motif and, consequently, the cleavage/ligation mechanism by which multimeric replicative intermediates are converted to monomeric viroid progeny.
RESULTS AND DISCUSSION
Sequence variation with viroid loop E motifs Figure 1A shows the computer-generated, lowest-freeenergy secondary structure of CVd-IIIb, one of two predominant variants in the CVd-III quasispecies (Owens et al. 2000) . Like the corresponding portion of PSTVd, the central domain of its rod-like native structure contains a loop E-like motif (horizontal bar). Figure 1B compares the sequences of the PSTVd and CVd-IIIb loop E motifs together with their flanking helices. Note that the trans Hoogsteen/Hoogsteen AA pair that follows a bulged C residue positioned in the deep groove in PSTVd has been replaced by a GA pair in CVd-IIIb. Watson-Crick basepairing resumes at varying distances from this purinepurine pair. As shown in Figure 1B , substitutions involving either the bulged C residue at position 259 or the nearby U at position 257 have dramatic effects on the biological properties of PSTVd (Wassenegger et al. 1996; Qi and Ding 2003; Qi et al. 2004) . When randomization of the corresponding positions in CVd-IIIb resulted only in the reappearance of the wild-type viroid (Owens et al. 2006) , we decided to explore the possible structural effects of these sequence differences in greater detail.
UV cross-linking and temperature gradient gel electrophoresis analysis
More than 20 years ago, Branch et al. (1985) reported that UV irradiation of PSTVd results in formation of an intramolecular cross-link between nucleotides G98 and U260 in the loop E motif. Loop E formation was later shown to be an important step in the switch from cleavage to ligation during PSTVd replication (Baumstark et al. 1997 ), but direct evidence for the presence of a functional loop E motif in other pospiviroids (including CVd-IIIb) has been lacking. When preliminary experiments involving precisely full-length CVd-IIIb RNA transcripts failed to yield convincing evidence for UV cross-linking (data not shown), we continued our studies using a series of ''miniRNAs'' patterned after the PSTVd construct described by Schrader et al. (2003) . The structures of four such miniRNAs are shown in Figure 1C . For ease of comparison, inverted repeats in the upper strand that define the boundaries of their central conserved regions and form the stem of secondary hairpin I are underlined.
The 39 terminus of the longer (i.e., 148 nt) version of miniPSTVd 1 contains a 17-nt sequence duplication and differs only slightly from the PSTVd miniRNA originally described by Schrader et al. (2003) . A shortened version of miniPSTVd 1 containing only 128 nt lacks this 39 terminal sequence duplication and was used for temperature gradient gel electrophoresis (TGGE) analysis. To study the effects of individual sequence changes on the susceptibility of the loop E motif to UV cross-linking, we also prepared an additional series of nonduplicated constructs based on miniPSTVd 1. The construct shown (i.e., miniPSTVd 6) contains all five of the sequence changes needed to convert the loop E motif of PSTVd into that of CVd-IIIb. Also shown in Figure 1C are the structures of two miniCVd RNAs patterned after the shortened version of miniPSTVd 1. The 59 portions of miniCVd 7 and miniCVd 8 are derived from the central conserved region of CVd-IIIb, and these two RNAs differ only in the sequence of their loop E motifs. miniCVd 7 contains the same loop E-like motif found in full-length, infectious CVd-IIIb; in miniCVd 8, these sequences have been replaced by the corresponding sequences from PSTVd. Figure 2 presents results from a series of UV crosslinking and TGGE analyses carried out with these miniRNAs. Before analysis, all RNAs were annealed under the (CVd-III) . Note that miniPSTVd 6 and miniCVd 8 contain the loop E motif from CVd-IIIb and PSTVd, respectively; horizontal arrows denote short GC-rich repeats described in the text. Two versions of miniPSTVd 1 and miniPSTVd 6 differing at their 39 termini as shown at the top of panel C were prepared. The longer versions containing a 17-nt sequence duplication at their 39 termini (Schrader et al. 2003) were used for chemical modification studies; for TGGE comparisons as well as UV cross-linking analysis, the shorter versions with nonduplicated 39 termini were used. high salt-slow cool conditions previously shown, in the case of PSTVd, to favor the formation of an extended conformation containing the loop E motif (Baumstark and Riesner 1995) . As shown in Figure 2A , the loop E motif of PSTVd was readily cross-linked by UV irradiation, both in its normal context (i.e., Fig. 2A , miniPSTVd 1, lanes 1-3) or when flanked by helical regions derived from CVd-IIIb (i.e., Fig. 2A , miniCVd 8, lanes 7-9). Also visible was the influence of the length/sequence of the flanking helices on UV sensitivity. The loop E-like motif of CVd-IIIb, in contrast, appeared to be almost totally unaffected by even 10 min of UV irradiation ( Fig. 2A , lanes 4-6).
Having shown that the loop E-like motif of CVd-IIIb is resistant to UV cross-linking, we next measured the contributions of individual sequence changes to this behavior. Results are presented in Figure 2B , and Figure 2C compares the structures of all six loop E mutants tested to that of wild-type CVd-IIIb. Comparing lanes 1,2 with lanes 5,6 in Figure 2B , it can be clearly seen what was predicted by Leontis et al. (2002) to be an isosteric AA/GA substitution involving the trans Hoogsteen-Hoogsteen pair virtually abolished cross-linking. In good agreement with this result, the reciprocal change resulting in an AG pair had also failed to cross-link (Schrader et al. 2003) . Although also inhibitory, replacing the adjacent UA pair with a CG pair (Fig. 2B ,C, lanes 7,8) had a much smaller effect. Finally, comparison of lanes 3,4 with lanes 1,2 in Figure 2B revealed that replacing the bulged C residue by U (a change known to have a dramatic effect on host range) had little or no effect on cross-linking.
Although simple and easy to perform, the UV crosslinking assay is quite sensitive to relatively small changes in secondary/tertiary structure. Because cleavage/ligation of pospiviroid replicative intermediates is a dynamic process that involves concerted rearrangement of the entire central conserved region (and not just the loop E motif), we next -3) , miniCVd 7 (lanes 4-6), and miniCVd 8 (lanes 7-9) to UV-induced cross-linking. Filled arrow, position of the slowly migrating lariat structure formed by cross-linking PSTVd positions G98 and U260 or the equivalent positions in CVd-IIIb. (B,C) Effect of selected mutations on the susceptibility of miniPSTVd 1 to UV cross-linking. Locations of mutations are shown in bold; samples in the even-numbered lanes were UV irradiated for 4 min. Note that the loop E motifs of miniPSTVd 6 and miniCVd 7 are identical in sequence. (D,E) Relative stabilities of the PSTVd and CVd-III loop E motifs as measured by TGGE. A temperature gradient of 20°C-60°C was applied perpendicular to the direction of electrophoresis in both panels, and major transitions are marked with arrows. Panel D compares the behavior of three miniPSTVd RNAs in the presence of 0.23 TBE and 2.5 mM NaCl. Note that replacement of the entire PSTVd loop E motif (no. 6) results in a dramatic shift of the denaturation profile to higher temperatures. Panel E compares the behavior of miniCVd RNAs 7 and 8 in the presence of 0.23 TBE alone. Note the presence of multiple transitions (indicating the likelihood of coexisting structures) for both constructs.
compared the denaturation profiles of selected miniPSTVd and miniCVd RNAs using TGGE. As shown in Figure 2 , D and E, these analyses revealed that even small changes in the loop E motif have dramatic effects on the ability of the central conserved region of PSTVd or CVd-III to rearrange. Figure 2D compares the denaturation profiles of three different miniPSTVd RNAs. Two of these molecules (i.e., miniPSTVd 1 and miniPSTVd NT) were efficiently crosslinked by UV irradiation and differ only in the nature of the bulged nucleotide in the loop E motif; in miniPSTVd 6, the entire PSTVd loop E motif has been replaced by the corresponding sequences from CVd-IIIb. Note (1) the nearidentical behavior of miniPSTVd 1 and miniPSTVd NT and (2) the striking change in the overall shape of the transition and z20°C increase in denaturation temperature visible with miniPSTVd 6. Clearly, while certain limited changes in the loop E motif leave unaltered the ability of the central conserved region to undergo replication-related rearrangements, the effects of more-extensive changes appear to extend into the flanking portions of the central conserved region. Figure 2E presents results from the reciprocal analysis in which TGGE was used to monitor the effect of replacing the loop E-like motif of CVd-IIIb with the corresponding sequences from PSTVd. Especially noteworthy in this analysis are (1) the presence of multiple independent transitions for both miniCVd 7 and miniCVd 8, and (2) a decrease of 7°C-8°C in T m values associated with the presence of PSTVd loop E motif. Although one might expect replacement of a single trans Hoogsteen/sugar edge AU pair by two GC pairs of unknown structure to stabilize the loop E motif of CVdIIIb, why both miniRNAs should exhibit multiple transitions was not immediately obvious. One possibility (discussed in more detail below) is that miniCVd RNAs are able to assume several, energetically equivalent conformations under the high salt-slow cool annealing conditions that favor formation of a single extended ExL structure for miniPSTVd (Baumstark and Riesner 1995) .
Chemical mapping of PSTVd and CVd-IIIb loop E motifs
Based on a combination of comparative sequence analysis and NMR and X-ray crystal structures of other loop E motifs, Zhong et al. (2006) have recently proposed that the loop E motif of PSTVd contains (1) an A261/G98 trans Hoogsteen/sugar edge pair, (2) a U260/C259 cis Hoogsteen/sugar edge pair, (3) a U260/A99 trans Watson-Crick/Hoogsteen edge pair, (4) an A258/A100 trans Hoogsteen/Hoogsteen edge pair, (5) an A101/U257 trans Hoogsteen/sugar edge pair, and (6) a C256/C102 cis Watson-Crick/Watson-Crick bifurcated pair. As shown in Figure 1B , the loop E-like motif of CVd-IIIb contains one additional base pair; i.e., the A101/U257 trans Hoogsteen/ sugar edge pair in PSTVd has been replaced by two GC pairs of unknown geometry. In addition, the trans Hoogsteen/Hoogsteen edge pair involving PSTVd nucleotides A258 and A100 has been replaced by a GA pair. To assess the effect of these changes on the overall architecture of the loop E motif, we compared the sensitivities of two pairs of miniRNAs to chemical modification.
Initial experiments compared the sensitivity of miniPSTVd RNAs 1 and 6 to modification by dimethylsulfate (DMS) and 1-cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-toluene sulfonate (CMCT). Incubations were carried out under both ''native'' and ''semi-denaturing'' conditions, and as shown in Figure 3A , the modification pattern observed for miniPSTVd 1 was consistent with the tertiary structure proposed by Zhong et al. (2006) . In particular, the N1 positions of four adenosine residues (i.e., A99-A101 and A261) were readily modified by DMS. C259 and A258 reacted less strongly with DMS. Consistent with the expected highly structured local geometry in the loop E motif, CMCT reacted weakly with both U257 and U260. CMCT reacted much more strongly with one of two U residues in the tetraloop that closes the right arm of the molecule (data not shown).
Examination of a parallel set of reactions containing miniPSTVd 6 revealed a strong CMCT reaction at the position corresponding to U104. As shown in Figure 1C , this position was expected to be part of a helix containing eight Watson-Crick base pairs that adjoins the loop E motif. Close inspection of nearby sequences, however, revealed a pair of short GC-rich direct repeats created by the sequence changes introduced into miniPSTVd 6. A shift of only one base pair between the upper and lower strands is sufficient to align these newly created GGCC sequences, thereby creating a bulge loop containing the CMCT-reactive U104 and, most importantly, partially disrupting the loop E motif. Further evidence for such a shift was provided by the dramatically altered melting profile of miniPSTVd 6 (see Fig. 2D ).
To address these problems, a second series of chemical probing experiments was carried out using miniCVd 7 and miniCVd 8, a pair of RNAs showing no evidence of unanticipated structural rearrangement during TGGE analysis (see Fig. 2E ). As shown in Figure 3A , the DMS and CMCT modification patterns for miniCVd 8 were quite similar to that seen with miniPSTVd 1; e.g., strong DMS reactions at A99-A101 and A261 and weaker CMCT reactions at U257 and U260. Note, however, that C102 has now become strongly reactive with DMS, possibly as a result of the substitution of a GC base pair for an AU base pair in the flanking helix.
Turning to miniCVd 7, we see further evidence for structural differences between the loop E motifs of CVd-III and PSTVd. Just as in miniCVd 8, residues A94-A95, C98, and A193 in all reacted strongly with DMS. Also reacting strongly with DMS were two additional positions, i.e., C187 and the bulged C at position 191C. Increased accessibility of the bulged C in miniCVd 7 to DMS modification indicates that the AA/GA substitution at the adjacent position is not truly isosteric. According to Zhong et al. (2006) , the C19-C19 distances for these two trans Hoogsteen/Hoogsteen pairs differ by 1.2 Å ; i.e., 12.2 Å (GA) versus 11.0 Å (AA). An earlier study had estimated the size of the GA pair as 12.9 Å (Leontis et al. 2002) . As shown in Figure 2 , the presence of this GA pair also inhibited the UV cross-linking of U192 to G93. Consistent with the change in cross-linking, residue U192 has also become completely inaccessible to CMCT. Replacement of the single trans Hoogsteen/sugar edge AU pair in miniCVd 8 with two GC pairs causes residue C187 in miniCVd 7 to be become accessible to DMS. The failure of DMS to react with either C188 or C189 suggests that pairing may involve the Watson-Crick edge of these two bases.
Proposed mechanism for Apscaviroid processing
Longer-than-unit-length PSTVd RNA transcripts are correctly processed in a potato nuclear extract only if the central conserved region is able to fold into a multihelix junction containing at least one GNRA tetraloop hairpin (Baumstark and Riesner 1995) . The first cleavage occurs within the stem of this GNRA tetraloop, and a local conformational change stabilizes the newly formed 59 end by converting the tetraloop into a loop E motif. The second cleavage produces a unit-length linear RNA whose 39 end is base paired (and probably coaxially stacked) in optimum position for ligation to form the mature circular molecule (Baumstark et al. 1997) . In CVd-III, the sequence between the inverted repeats defining the boundaries of the central conserved region cannot fold into a GNRA tetraloop; therefore, processing of CVd-III replicative intermediates must proceed via an alternative pathway. The cleavageligation pathway outlined in Figure 4 accommodates the structural differences between the loop E motifs of CVd-III and PSTVd, thereby illustrating how evolution appears to have found an alternative solution for this key event in viroid-host interaction. Figure 4A compares the initial cleavage events for CVd-III and PSTVd. In PSTVd, formation of the tetraloop stem creates a GG/CU dinucleotide pairing that contains the G-G bond targeted for initial cleavage. Theoretical calculations carried out with a miniCVd RNA whose 59 terminus starts in the middle of the central conserved region and 39 end contains a 14-nt duplication of sequences from the 59 end indicate that CVd-III can readily form other structures that contain an identical dinucleotide pairing. The optimal structure contains an extensive helical pairing between sequences from the 59 and 39 ends that is analogous to the trihelical structure described for PSTVd Hecker et al. 1986 ). While such a structure might be too stable for a newly cleaved molecule to rearrange, other suboptimal foldings that maintain only parts of these helices still include the sandwiched GU base pair. In fact, the fifth best suboptimal structure, shown in the bottom half of the dot plot and enlarged on the left with a difference in DG compared with the optimal structure of only 2.62 kcal/mol, adopts the precise conformation proposed for the first cleavage event. A host nuclease could then recognize this pairing and cleave the G-G phosphodiester bond.
During the second step in our proposed mechanism, the 59 cleavage fragment dissociates and the 39 portion of the nascent CVd-III RNA refolds into a hairpin stem-loop that pairs the remaining portions of the central conserved region (Fig. 4B) . Note that secondary hairpin I reconstitutes the sandwiched GU base pair in an almost identical helical environment for the second cleavage step. Rearrangement to form the processing intermediate shown on the left should occur readily, as indicated by the fact that the conformation containing the second cleavage site is calculated to be the most stable structure. Following the second cleavage and a final rearrangement of the 39 terminus, the 59 and 39 termini are then incorporated into the right side of the newly formed loop E-like motif prior to ligation (Fig. 4C) . The fact that ligation would occur within the loop E-like motif of CVd-III rather than in the flanking sequences as observed for PSTVd may explain its increased length and stability.
The sequences comprising the loop E-like motif of CVdIIIb are highly conserved among apscaviroids. As shown in Table 1 , all eight species contain the same core sequence; i.e., the non-Watson-Crick AG, UA, and GA base pairs surrounding the bulged C residue found in PSTVd, followed by two possible Watson-Crick CG pairs. The first sequence changes appear at the following positions where, in all but one case, a potential Watson-Crick GC or CG pair replaces the symmetrical C-C bulge loop found in CVd-IIIb. Changes such as these should have, if any, a stabilizing effect on the alignment of the 59 and 39 termini necessary for efficient ligation.
Schuster (2001) has described the many advantages of RNA evolution as a model system in which to study genotype-phenotype relationships. This is especially true for noncoding RNAs such as viroids where evolution is not constrained by the need to maintain coding capacity. The rolling circle nature of viroid replication (Branch and Robertson 1984) creates a need for efficient cleavage/ ligation in order to convert multimeric replicative intermediate to monomeric circular progeny. For the small number of viroids that replicate in the chloroplast, cleavage occurs via hammerhead ribozymes (Cô té et al. 2003) . For the majority of viroids (including CVd-III) that replicate in the nucleus, cleavage/ligation is catalyzed by host-specified nuclease(s) and requires concerted rearrangement of the central conserved region. Until now, details of this process have been available only for PSTVd (Baumstark and Riesner 1995; Baumstark et al. 1997; Schrader et al. 2003) .
We have identified certain differences in stability of the PSTVd and CVd-III loop E motifs as well as the interaction of loop E with a nearby pair of inverted repeats that strongly suggest that rearrangement of the central conserved region can proceed via more than a single pathway. In contrast to ribosomal RNAs, where loop E motifs appear to organize multihelix loops (Leontis and Westhof 1998b) , the central conserved region of CVd-III or PSTVd must ''switch'' from a multiloop processing structure to an extended structure containing a loop E motif. Zhong et al. (2006) have recently shown how the isostericity matrices developed by Leontis et al. (2002) can be used to rationalize tertiary-structure-function relationships involving the loop E motif of PSTVd and related viroids; furthermore, evidence has also been obtained for the existence of loop E in vivo (Wang et al. 2007 ). Our results obtained with a more distantly related viroid indicate that this tertiary-structure-function relationship is yet more complex and contains an important dynamic component. Viroid evolution appears to have identified multiple pathways by which the central conserved region can rearrange to allow efficient cleavage/ligation of RNA replicative intermediates to form mature viroid progeny.
MATERIALS AND METHODS

Synthesis and purification of miniviroid RNAs
Plasmid pOS-WT contains a 148-nt cDNA that encodes the central conserved region of PSTVd (intermediate strain) flanked FIGURE 4. Possible cleavage-ligation mechanism for CVd-III processing. (A, left) Nucleotide changes in the upper strand of CVd-III prevent the loop E sequence from folding into a GNRA tetraloop similar to that observed for PSTVd (inset). In PSTVd, the initial cleavage event (arrow) takes place next to a GU wobble pair sandwiched between GC and CG pairs (highlighted in red and blue). A truncated trihelical folding of CVd-III (see text) contains an almost identical arrangement of base pairs, and the initial cleavage event (arrow) may occur on the 59 side of its only GU wobble pair. Sequences duplicated between the 59 and 39 ends are shown in bold; nucleotide positions are numbered as in previous figures. (Right) Mfold dot plot containing the optimal fold (green) as well as the fifth best suboptimal structure (red) of a miniCVd-III construct with 39-end duplication as depicted on the left. Base pairs common to both structures are marked by green dots outlined in red. The sandwiched GU base pair is indicated by a red and blue bracket. The suboptimal structure corresponding to the proposed initial processing structure is shown in the bottom triangle. Successive helices constituting the four branches of the structure are designated by roman numerals for better orientation. ''L'' and ''R'' denote the tetraloop hairpins, which close the left and right arms of the miniCVd-III construct and have been omitted from the processing structure detail shown on the left. (B, left) As observed for PSTVd, the first cleavage within the 59 duplication and dissociation of the upstream sequence then allows the 39 portion of the CVd-III RNA to rearrange. The resulting hairpin stem contains an identical arrangement of GC, GU, and CG pairs, thereby creating a second potential cleavage site for host nuclease(s). (Right) Mfold dot plot of the miniCVd-III construct from A after the first cleavage and dissociation of the 59-end fragment. Only the optimal structure (red) and the first suboptimal structure (green) are shown. As depicted in the bottom triangle, the optimal structure corresponds to the rearranged processing intermediate produced by the first cleavage and contains secondary hairpin I at its 39 terminus. (C) After the second cleavage at the reconstituted 39-recognition site, final formation of loop E serves to align the new 59 and 39 termini of the CVd-III monomer prior to ligation. Note that in contrast to PSTVd (inset), the proposed ligation site (circular arrow) is located within the loop E sequence itself; thus, a more stable loop E-like motif may be needed to hold the 59 and 39 termini of CVd-III in position for ligation.
by two extra-stable UUCG tetraloops as artificial termini and fused to the promoter sequence for T7 RNA polymerase (Schrader et al. 2003) . DNA templates for T7 transcription were synthesized by PCR using a single 59 primer [59-CCGAAGCTTAATACGACT CACTAATAG-39] and one of two 39 primers; i.e., [59-CGGA ATTCTCATCATTGTATAGTTC-39] to maintain the 17-nt terminal duplication encoding PSTVd positions 80-96 or [59-CCAAG CTTCTCCGAGCCGAAGCT-39] to produce a shortened, 128-nt RNA transcript lacking this duplication. Sequence changes in the loop E motif of PSTVd were introduced by oligonucleotide overlap mutagenesis (Ho et al. 1989 ) using primers that contained a minimum of eight perfectly matched nucleotides flanking the targeted position(s).
Using a series of overlapping synthetic oligonucleotides, we also constructed miniCVd 7, a comparable 145-nt nonduplicated cDNA that encodes the central conserved region of CVd-IIIb (Rakowski et al. 1994 ) flanked by UUCG tetraloops and fused to the promoter sequence for T7 RNA polymerase. After cloning and sequence analysis to verify the absence of unintended mutations, we then converted its loop E motif to that found in PSTVd by oligonucleotide overlap mutagenesis. The resulting construct was designated miniCVd 8. DNA templates for synthesis of miniCVd 7 and miniCVd 8 RNA transcripts were synthesized by PCR as described above using 59-GTGTTTCCCTTCCGAGCC-39 as the 39 primer.
T7 transcription reactions (25 mL) were carried out as suggested by the enzyme supplier (Invitrogen). The resulting miniRNAs were purified by electrophoresis in 6% polyacrylamide-0.15% bisacrylamide gels under denaturing conditions (i.e., 13 TBE, 8 M urea, 55°C). Full-length miniRNAs were recovered by elution in 0.5 M NH 4 acetate-0.1% SDS and ethanol precipitation in the presence of a glycogen carrier (Sambrook and Russell 2001) . Purified RNAs were dissolved in sterile, RNase-free water and stored at À20°C until use.
UV cross-linking
Nonduplicated miniPSTVd RNAs were incubated for 45 min at 40°C in the presence of 500 mM NaCl-4 M urea-1 mM Na cacodylate-0.1 mM EDTA and then slowly cooled to 20°C to favor formation of the extended ExL structure containing loop E (Baumstark and Riesner 1995) . Aliquots (5 mL) of the annealed RNAs were then placed on parafilm floating on an ice-water bath and irradiated in a UV Stratalinker 1800 (Stratagene) for the times indicated (30 sec-10 min). Following the addition of 15 mL of 9 M urea-0.23 TBE containing 0.05% bromophenol blue and xylene cyanole FF, irradiated samples were fractionated by electrophoresis in 7.5% polyacrylamide-0.1875% bisacrylamide gels under denaturing conditions (see above). Cross-link formation was monitored by ethidium bromide staining.
Temperature gradient gel electrophoresis
Conditions for TGGE analysis were patterned on those used for earlier studies of full-length and longer-than-unit-length PSTVd RNAs (Baumstark and Riesner 1995; Owens et al. 1996) . All gels contained 7.5% polyacrylamide-0.25% bisacrylamide, and samples were loaded at 15-min intervals. Electrophoresis was continued for 45 min at 500 V after application of a 20°C-60°C temperature gradient. RNAs lacking the 17-nt duplication were annealed under high salt-slow cool conditions described above to favor formation of the ExL structure containing loop E and then diluted 10-fold with 10% glycerol-0.23 TBE before application to the gel. Selected miniRNAs were also examined for their ability to assume the multihelix ExM structure. For these analyses, miniRNAs containing the 17-nt duplication were heated for 2 min at 94°C in the presence of T 10 E 1 (10mM Tris-HCl-1 mM EDTA at pH 8.0) and then quickly chilled to À70°C (i.e., low salt-snap cool) before dilution and electrophoresis in the absence of NaCl. Structural transitions were visualized by silver staining (Riesner et al. 1989 ).
Chemical modification
After annealing under high salt-slow cool conditions (see above), miniPSTVd and miniCVd RNAs were desalted by passage through AutoSeq G-50 spin columns (GE Healthcare Life Sciences) equilibrated with water. Chemical modification with DMS (positions N1-A, N3-C, N7-G) or CMCT (N3-U, N1-G) was carried out as described by Baumstark and Ahlquist (2001) in the presence of either 5 mM MgCl 2 (native conditions) or 1 mM EDTA (semi-denaturing conditions). Primer extension analysis of chemically modified RNAs (Moazed et al. 1986; Ehresman et al. 1987) as well as cycle sequencing of their respective DNA templates was carried out using [59- 32 P]-labeled primers 59-GGTTCCGGGGATCCCTGAAGCGCTCC-39 (PSTVd) or 59-GTGTTTCCCTTCCGAGCC-39 (CVd-IIIb). 
